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ABSTRACT 


High  speed  cinematography  was  used  to  study  the  combustion  characteristics  of 
powdered  boron,  and  of  compounds  of  boron  and  magnesium,  lithium,  or  aluminum, 
all  of  which  were  LiF-doped  or  undoped.  An  optical  burner  apparatus  was 
used  operating  on  C0-C>2-air  at  5  to  40  psia  and  at  several  temperatures.  Igni¬ 
tion  delay  and  burning  times  were  derived  from  the  film  tracks  of  burning 
particles.  The  boron-metal  compounds  gave  ignition  delay  times  in  the  range 
of  0-8  msec  and  burning  times  of  2-15  msec,  both  considerably  shorter  than 
the  corresponding  times  for  elemental  boron.  X-ray  diffraction  analyses  of 
the  residues  collected  in  the  exhaust  from  MgB^  and  LiB2  combustion  indicated 
a  high  degree  of  oxidation.  Wet  chemical  analysis  of  the  MgB^  residue  con¬ 
firms  the  maximum  combustion  efficiency  attainable.  The  favorable  results 
obtained  clearly  indicate  that  the  boron-metal  compounds  are  much  better  fuels 
than  elemental  boron  in  air-augmented  rocket  systems  flying  at  conditions 
under  which  satisfactory  afterburning  of  boron-loaded  propellants  has  not  beer, 
accomplished.  Further  study  aiming  toward  the  use  of  some  of  the  promising 
borides  in  air-augmented  propulsion  is  discussed. 
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SECTION  I 


INTRODUCTION  AND  SUMMARY 


With  the  current  development  of  air-augmented  rocket  and  Scramjet  systems  much 
interest  has  arisen  in  the  use  of  solid  fuel  particles  as  high-energy  additives 
to  the  liquid  or  solid  primary  propellants.  Boron  has  outstanding  potential  as 
an  additive  to  propellants  because  of  its  high  volumetric  heat  of  combustion  with 
oxygen.  However,  this  potential  can  only  be  realized  if  efficient  combustion  of 
the  boron  with  oxygen  in  air  is  attained  in  the  ramburner  over  the  desired  wide 
range  of  flight  altitude  and  Mach  numbers.  Earlier  work  has  shown  a  direct  rela¬ 
tionship  between  ramburner  pressure  and  boron  combustion  efficiency:  low  ram¬ 
burner  pressure  leads  to  poor  performance.  Previous  work  sponsored  by  the  Air 
Force  has  suggested  that  the  use  of  catalytic  dopants,  for  example  a  coating  of 
LiF  deposited  on  the  boron  particle  surface,  may  facilitate  combustion  by  lowering 
the  particle  ignition  temperature  even  at  low  pressures.  Another  approach  is  to 
replace  elemental  boron  with  a  boron  compound  or  alloy  such  as  AlB  ,  MgB  or  LiB  . 
The  objective  of  this  program  was  to  evaluate  the  merits  of  using  such  compounds 
of  boron  and  dopants.  The  program  involved  three  closely  related  phases: 

A.  Phase  I:  A  literature  survey  for  available  information  from  both 

U.  S.  and  foreign  sources  on  compounds  or  alloys  of  boron.  Selected 
physical  properties  and  compositions  of  each  compound,  alloy,  or 
mixture  were  determined  as  needed. 

B.  Phase  II:  Combustion  testing  of  the  compounds  and  discrete  mixtures 
selected  in  Phase  I.  The  combustion  testing  was  conducted  in  the 
optical  burner  apparatus  constructed  at  UTC  under  Contract  AF04(611)- 
11544.  Photography  and  chemical  analysis  of  the  residues  were  the 
primary  data  gathering  methods. 

C.  Phase  III:  This  phase  consisted  of  the  data  reduction,  presentation 
and  recommendations  derived  as  a  result  of  the  work  accomplished 
under  Phases  I  and  II . 

This  report  summarizes  the  work  accomplished  in  this  program.  In  Phase  I  the 
available  literature  on  aluminum,  magnesium,  and  lithium  borides,  which  is  mostly 
of  foreign  origin,  was  reviewed;  synopses  of  the  pertinent  information  are  given 
herein.  Eight  borides  which  have  been  obtained  or  prepared  for  the  program  were 
analyzed  for  purity  on  the  basis  of  chemical,  spectrographic,  or  X-ray  diffraction 
analyses.  In  Phase  II,  the  burner  apparatus  was  modified  and  calibrated  for 
operation  with  a  CO-O  -air  system  at  5,  10,  15,  25  and  40  psia  and  at  various 
temperatures.  Particles  of  boron,  MgB2>  MgB^-.  Lib  LiB^>  AIB2  and  AlB^ 
with  particle  sizes  from  37  to  74 /i  were  burned  at  these  conditions.  Two  runs 
were  made  on  each  test  material  doped  with  1.5%  LiF. 

Particle  tracking  by  high  speed  cinematography  and  analysis  of  collected  residues 
were  successfully  carried  out  after  initial  technical  difficulties  had  been  over¬ 
come.  The  data  obtained  were  analyzed  in  Phase  III.  The  ignition  delay  of  the 
borides  was  found  to  lie  in  the  range  of  0-6  msec  and  their  burning  time  between 
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2  and  15  msec.  Ln  general,  these  times  decreased  with  increasing  pressure  and 
temperature,  and  with  decreasing  particle  size. 

The  elemental  boron  particles  had  similar  ignition  delay  times  but  their  com¬ 
bustion  was  so  slow  that  they  were  still  burning  when  they  left  the  12-in. 
chamber  which  had  a  residence  time  of  14-24  msec,  or  they  would  even  cease  to 
burn  before  they  had  traversed  the  chamber.  At  each  temperature  burning  of  the 
borides  appeared  to  be  more  complete  at  lower  chamber  pressures,  probably  due  to 
the  fact  that  low  pressures  favor  vapor  phase  burning. 

The  result  of  X-  ray  diffraction  analysis  of  the  residue  from  the  combustion  of 
Mgl^  and  MgB^  at  1400  K  or  higher  temperatures  indicated  a  strong  pattern  of 
the  magnesium  borate  l^I^O^,  and  a  weak  pattern  indicating  a  trace  of  the  higher 
borides  MgB^,  MgB  or  MgB^j  but  in  most  cases  no  trace  of  their  component 
metals  magnesium  and  boron.  When  LiB2  was  burned  at  1400  and  1650  K,  X-ray 
diffraction  analysis  of  the  residue  gave  a  strong  pattern  of  lithium  borate, 
or  Li20'3B20^  and  no  trace  of  unburned  borides  or  their  component 
metals  lithium  ana  boron.  On  the  other  hand  a  residue  from  LiB^  combustion 
at  1650  K  gave  a  strong  pattern  of  unburned  materials  indicating  poor  combustion. 
In  r he  case  of  AlB9  and  A1R19,  aluminum  was  found  in  the  residues  alongside 
the  aluminum  borates  9A1  0 o  anc*  ®2^3 ’  an<*  alum^num  oxide,  aA^O^, 

and  boron  oxide,  ‘  unburned  boron  was  found  in  the  residues  from  almost 

all  the  test  burning  elemental  boron.  Wet  chemical  analyses  were  performed  on 
the  residues  from  MgB2  and  MgR^  combustion  at  15  psia  and  1650  K.  Based  on  the 
percentages  of  the  constituents  in  the  residues,  the  combustion  efficiencies 
were  determined  as  627„  for  MgB2  and  100%  for  MgB^* 

Two  runs  were  made  on  each  of  the  seven  test  materials  doped  with  1.5%  LiF. 

In  nearly  all  cases  the  addition  of  LiF  shortened  the  ignition  delay,  to 
practically  zero.  However  the  effect  on  burning  time  was  so  irregular  that 
no  clear  conclusion  can  be  drawn.  Comparing  the  X-ray  diffraction  patterns  of 
residues  from  the  combustion  of  doped  and  undoped  particles,  it  can  be  concluded 
that  doping  yielded  some  improvement  in  the  degree  of  oxidation  of  MgB^,  AIB2, 
A1Bj2>  biB2,  LiB^2  and  boron,  but  gave  no  clear  cut  effect  with  MgB2« 

The  favorable  results  obtained  in  this  program  lead  to  a  practical  solution  to 
the  problem  of  low  pressure  combustion  of  boron  through  the  boron-metal  com¬ 
pound  technique  and  may  overcome  the  difficulty  in  the  design  of  a  practical 
and  efficient  air-augmented  rocket  system  flying  at  conditions  under  which 
afterburning  of  boron- loaded  propellants  has  not  heretofore  been  satisfactorily 
accomplished. 
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SECTION  II 


TECHNICAL  DISCUSSION 


Several  of  the  low  atomic  weight  metals  are  excellent  potential  rocket  fuels. 
Heats  of  combustion  data  (Table  I)  indicate  that  when  heat  evolved  per  unit 
weight  of  metal  oxide  is  taken  as  a  measure  of  metal  fuel  value,  boron,  alum¬ 
inum,  lithium,  and  magnesium  are  better  fuels  than  carbon.  In  a  volume- limited 
vehicle  system,  boron  appears  most  attractive  because  of  its  high  heat  of  com¬ 
bustion  per  unit  volume.  However,  in  practice  boron  in  powder  form  has  been 
found  to  be  more  difficult  to  burn  than  other  metal  powders.  This  can  be 
attributed*  '  to  the  fact  that  the  boiling  point  of  boron  oxide  lies  below 
that  of  boron  itself.  Thus,  combustion  must  take  place  on  the  surface  of  the 
metal  particle.  On  the  other  hand,  the  boiling  points  of  the  oxides  of  alum¬ 
inum,  lithium,  and  magnesium  lie  above  that  of  each  respective  metal,  so  that 
the  metal  burns  in  the  vapor  phase.  Thus  it  has  been  shown  both  theoretically 
and  experimentally  that  boron  differs  considerably  from  other  tight  metals  in 
its  combustion  properties. 

1 .  BACKGROUND 

Ignition  of  metal  fuel  particles  can  take  place  only  when  they  have  been  heated 
to  their  ignition  temperature.  Initially,  heat  is  supplied  primarily  by  con¬ 
vection,  and  the  heating  time  is  proportional  to  the  square  of  the  particle 
diameter.  As  the  particle  temperature  increases,  heating  by  surface  reactions 
becomes  important;  the  heating  rate  accelerates  and  becomes  proportional  to 
the  particle  diameter.  Most  of  the  total  time  to  ignition  is  spent  in  the 
slow  convective  heating  regime,  and  this  ignition  delay  time  is  usually  roughly 
proportional  to  the  particle  diameter  squared. 

The  particle  temperature  history  is  given  by  the  solution  of  the  following 

equation^) 


p  C  d 
P  P 


kg  Nu 


(Tg  -  Tp)  -  oe  T  4 


where  k  denotes  the  thermal  conductivity  of  the  gas,  Nu  the  Nusselt  number, 
Pp  the  particle  density,  C  the  particle  heat  capacity,  Tp  the  particle 
temperature,  Tg  the  gas  temperature,  d  the  diameter,  a  the  Stefan-Boltzmann 
constant,  and  c  the  emissivity  of  the  particle. 

The  equation  shows  that  a  high  value  of  Nu  and  a  low  value  of  PpCp  lead  to 
rapid  heating  of  the  particle;  this  is  true  for  lithium,  magnesium,  and  alum¬ 
inum.  Aluminum  has  an  ignition  temperature  similar  to  that  of  boron,  and 


*Parentheticai  superscript  numbers  denote  references  appearing  on  page  92. 
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those  of  magnesium  and  lithium  are  considerably  lower.  Thus,  the  ignition 
delay  of  these  three  metals  will  be  shorter  than  that  of  boron.  Compounds 
or  alloys  of  these  metals  with  boron  will  also  have  a  different  heatup  profile 
and  lower  ignition  delay  time  than  pure  boron. 

Previous  studies  have  indicated  that  three  different  controlling  mechanisms  are 
involved  in  determining  the  combustion  time  of  metal  particles.  Boron  apparently 
burns  by  the  diffusion  of  the  oxidizing  species  to  the  particle  surface,  follow¬ 
ed  by  surface  reaction  and  diffusion  of  the  gaseous  combustion  products  away 
from  the  surface. (^>4)  xhis  sequence  occurs  because  the  vapor  pressure  of 
boron  oxide  exceeds  that  of  boron  at  the  combustion  temperature.  The  combustion 
rate  in  this  case  is  limited  by  the  rate  of  diffusion  of  the  oxidizer  through 
the  combustion  products.  A  theory  developed  by  Spalding(5)  indicates  that  the 
burning  time  is  proportional  to  the  square  of  the  initial  particle  diameter, 
is  independent  of  pressure,  and  depends  only  slightly  on  temperature. 

Belyaev^)  has  recently  made  a  successful  correlation  of  aluminum  particle  burn¬ 
ing  rates  in  fuel-rich  gases,  assuming  that  water  and  carbon  dioxide  are  equally 
effective  oxidants.  If  there  are  more  than  one  oxidizing  species,  j,  in  the  gas, 
Macek  and  Semple^'  suggested  a  generalized  expression  to  calculate  the  burning 
time,  t ,  of  a  metal  particle  with  original  diameter  d,  as 


1=  Si  =  86  £  Pj  Pj 

j  C  (Pp/M)d2  j  7j 


where  Pp/M  denotes  the  molar  density  of  the  metal  particle  given  in  Table  I, 
and  6  the  ratio  of  flame  to  particle  diameter  (8  > 1  for  vapor  phase  combustion, 
e.g.,  2.7  for  aluminum;  6=1  for  surface  burning,  e.g.,  boron).  (3  =  D/RT 
where  D  is  the  diffusion  coefficient  and  R  the  gas  constant,  Tg  the  gas  tlmpera- 
ture.  Pj  =  P  ln^TJTj  where  X  is  the  mold  fraction  of  the  oxidant  in  the  gas, 

P  the  static  pressure,  and  7  the  stoichiometric  fuel-oxidant  coefficient  (e.g., 
4/3  for  the  reaction  of  boron  or  aluminum  with  oxygen). 

When  the  diffusion  contribution  of  carbon  dioxide  is  included,  the  calculated 
burning  times  in  dry  gases  agree  with  the  experiment  to  within  10  to  207.. 

Typical  burning  times  for  boron  were  found  to  be  12  to  15  msec  for  35p  particles, 
and  20  to  25  msec  for  44p  particles.  The  burning  time  decreased  slightly  with 
increasing  gas  temperature. 

A  shock  tube  study  was  conducted  by  Uda^  to  determine  the  ignition  limit  of 
clouds  of  boron  particles  in  air.  The  boron  samples,  consisting  of  30  -  50p 
agglomerated  particles  ignited  at  a  reflected  shock  temperature  of  about  1,900°K 
at  l  atm  pressure.  The  ignition  temperature  decreased  steadily  with  increasing 
pressure,  to  about  1400°K  at  20  atm.  Ignition  of  the  0.015p  particles  appear¬ 
ed  to  be  Insensitive  to  pressure,  and  the  ignition  temperature  stayed  constant 
at  1150°K.  For  a  constant  reflected  shock  pressure,  the  ignition  temperature 
decreased  with  decreasing  particle  size.  The  ignition  delay  time  of  the  0.015*1 
particles  decreased  as  the  reflected  shock  temperature  increased.  It  was  less 
than  1  msec  at  1140°K  and  decreased  to  less  than  0.1  msec  above  1400°K. 
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The  studies  of  boron  combustion  thus  indicate  that  ignition  and  burning  are 
sensitive  to  pressure  and  temperature  conditions,  and  to  particle  size,  type 
of  oxidizing  environment,  and  particle  concentration.  As  indicated  by  equations 
(l)  and  (2),  the  properties  of  metals  such  as  lithium,  magnesium,  and  aluminum, 
if  used  in  conjunction  with  boron,  will  contribute  to  shorter  ignition  delay  and 
burning  times.  The  shorter  burning  time  is  due  mainly  to  the  fact  that  these 
metal  particles  burn  by  a  vapor  phase  mechanism.  It  seems  to  be  logical  to 
consider  compounds  or  mixtures  of  boron  and  these  other  metals  as  candidate 
fuels . 

In  evaluating  boron-rich  solid  propellants  for  air-augmented  systems,  Sims,  Lee, 
and  Gonzales  (®)  replaced  boron  with  boron  compounds,  including  ZrB2,  B4C,  TiB2, 
A1B^2>  and  MgB2-  Some  promising  data  were  obtained,  but  the  exploratory  inves¬ 
tigation  was  too  limited  to  provide  systematic  results. 

In  another  approach  experimental  results  were  obtained  which  indicate  than  the 
ignition  temperature  of  powdered  boron  in  oxygen  can  be  markedly  decreased  by 
the  addition  of  doping  impurities^)  t0  the  metal.  LiF  is  one  of  the  promising 
dopants,  which  probably  increases  the  diffusion  of  boron  ions  through  the  oxide 
surface  layer,  or  increases  oxygen  diffusion  through  the  oxide  film.  The 
ignition  temperature  of  boron  doped  with  17.  LiF  was  reduced  by  160°C. 

In  a  recent  air-augmentation  study,  Rosenberg,  et  al.^®)  investigated  the 
effect  of  boron  in  a  fuel-rich  primary  combustion  and  the  efficiency  of  the 
secondary  combustion  for  both  solid  and  liquid  primaries  under  simulated  air- 
augmentation  flight  regimes.  The  test  variables  they  investigated  were 
secondary  L* ,  boron  particle  size  and  loading,  temperature  and  pressure  of  the 
secondary  air,  air  to  primary  flow  ratio,  and  primary  mixture  ratio  in  the 
liquid  system.  They  demonstrated  that  the  boron  combustion  efficiency  was 
dependent  not  only  upon  the  residence  time  of  the  solid  boron  in  the  secondary 
chamber  but  also  on  the  secondary  chamber  pressure;  adequate  boron  combustion 
at  low  pressures  could  not  be  achieved  by  simply  increasing  the  L*  of  the 
secondary  chamber.  Other  methods  had  to  be  found  to  increase  the  combustion 
rate  of  the  boron  in  order  to  effect  an  increase  in  the  performance  of  the 
system  within  reasonable  L*  limits.  Doping  of  boron  with  LiF  provided  one 
successful  means  of  increasing  the  boron  combustion  rate. 

2 .  METAL  BORIDES 

As  discussed  in  the  preceding  sub-section,  the  physical  and  thermochemical  pro¬ 
perties  of  the  candidate  borides  or  alloys  of  boron  with  other  metals  will 
control  their  heat-up,  ignition  and  burning  characteristics  when  they  are  used 
as  particulate  fuel  additives  in  a  secondary  combustion  system,  and  thus  will 
determine  how  their  performance  will  compare  with  that  of  boron  alone.  For 
instance,  they  may  provide  an  increase  of  overall  fuel  density  with  little 
loss  in  energy  released.  In  general,  all  the  metal  borides  have  very  high 
melting  points  and  are  known  as  refractory  materials .( 11)  Since  metal  borides 
have  not  been  considered  previously  as  fuel  additives,  their  thermochemical 
properties  are  not  readily  available.  The  following  subsections  summarize 
accessible  data,  mostly  taken  from  foreign  publications. 
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a.  Aluminum  Borides 


There  are  five  reported  and  authenticated  phases  in  the  aluminum  boron 
system(^).  AIB2,  AIB^q,  a -Alb^ ,  |3-A1B]_2»  No  information  has 

been  found  on  AlBg.  The  three  forms  of  AlBjj  and  AIB^q  are  ^ar<^  materifll3 
with  structures  similar  to  boron  or  boron  carbide,  where  AIB2  *s  a  so^t 
graphite- like  material  of  hexagonal  structure.  Some  of  the  physical 
properties  of  aluminum  borides  are  shown  in  Table  II. 


TABLE  II 

PHYSICAL  PROPERTIES  OF  ALUMINUM  BORIDES 


Boride 

Crystal  Structure 

Theoretical 
Density 
g/ cm3 

Melting 

Point 

°F 

A1B2 

Hexagonal 

3.16 

3,010±90 

,UB10 

Orthorhombic 

2.54 

4,390±90 

or  -A1B^2 

Tetragonal 

2.58 

3,925±90 

0-AlB12 

Orthorhombic 

2.60 

4,015+90 

7-AlB12 

Orthornombic 

2.56 

- 

Serebryansicii  and  Epel'baum^^^  reported  that  the  boron-containing 
specimens  were  prepared  from  pure  elemental  aluminum  and  boron  in 
a  tubular  furnace.  They  give  the  phase  composition  in  relation  to 
specimen  composition  and  synthesis  temperature  as  shown  in  Table  III. 

Formation  and  decomposition  processes  of  aluminum  borides  were  investi¬ 
gated  by  Atoda  et  ali^)  usj.ng  Differential  Thermal  Analysis,  X-ray  and 
chemical  analysis  techniques  on  samples  prepared  in  an  electric  furnace. 

AIB2  b€8ins  t0  form  at  600°C  and  decomposes  into  the  cv-AlB^  phase  above 
920°C,  The  latter  is  stable  up  to  at  least  1900°C;  it  decomposes  above 
1900°C»  separating  elemental  Al. 

The  energies  of  combustion  of  AIB2  and  a-AlBj^  w®*e  measured  by  Domalski 
and  Armstrong^  in  a  bomb  calorimeter  using  fluorine  as  the  oxidant. 

From  the  data  obtained  in  these  experiments  the  heats  of  formation  of 
A1B2  and  T-AlB^  ware  calculated  as  - 16± 3  and  -48il0  keal/mol,  respectively. 
The  lack  of  precision  in  these  values  is  due  to  uncertainties  in  the 
impurity  corrections  and  in  the  heats  of  formation  of  the  combustion  products. 
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b.  Magnesium  Borides 


The  magnesium-boron  system  displays  a  wide  range  of  mutu^  solubility: 

Mg&2  will  dissolve  in  magnesium;  on  the  other  hand,  if  MgB£  is  heated 
above  30Q°C,  it  will  lose  magnesium  progressively  to  form  MgB^,  MgB^ 
and  MgBjo*^^  The  magnesium  borides(^)  react  with  free  oxygen,  Mg$2 
at  580°C.and  MgB^  at  400°C,  but  the  reactions  are  not  complete  at 
1100°C.  MgB£  reacts  with  water  and  with  HCl  at  15°C  to  produce  97% 
hydrogen  and  3 %  boranes;  MgB^  reacts  only  with  boiling  HCl  while  the 
other  borides  do  not  react  at  all. 

The  heat  of  formation  of  MgB^o  was  estimated  as  -34.4  kcal/mol/^) 
compared  to  -21.98  kcal/mol  for  MgB2  as  listed  in  JANAF  Thermochemical 
Data. 

c.  Lithium  Borides 

Information  on  lithium  borides  is  scarce.  Markovskii  and  Kondrashev^®) 
reported  that  by  electrolysis  of  lithium  borate  a  product  was  obtained 
containing  82.9%  B  and  9.4%  Li,  probably  a  mixture  of  elemental  boron 
and  LiBg.  No  other  lithium  borides  are  mentioned  in  the  open  literature. 

d.  Estimated  Heat  Release  of  Borides 

In  the  absence  of  information  on  the  heats  of  formation  of  some  of  the 
borides  considered  in  this  program,  the  heat  release  from  the  reaction 
of  the  borides  with  oxygen  was  calculated  on  the  basis  of  heat  release 
data  on  each  of  the  two  component  elements.  The  results  are  compared  to 
pure  boron  in  Table  IV. 

From  the  viewpoint  of  volumetric  heat  release,  the  lithium  borides  appear 
to  be  the  test  fuel  additives  among  the  metal  borides,  followed  by  the 
aluminum  and  the  magnesium  borides. 

e.  Analysis  of  Test  Sample* 

All  the  nine  (9)  compounds  specified  in  the  program,  i.e.  AIB2,  AIB^, 
AIB^2»  MgB2,  MgBfc,  MgB12,  Li®6  and  Li®12»  wer<  obtained  in  the 

form  of  chemical  compounds,  except  AlB,.  No  information  could  be  found 
in  the  literature  on  AlBfc  and  it  probably  does  not  exist  as  a  compound. 

The  ethers  art-  either  available  commercially  or  were  specially  synthesised 
for  this  program.  The  purity  of  each  boride  was  determined  from  chemical, 
spectrographic,  or  X-ray  diffraction  analyses  as  summarised  in  Table  V. 

The  MgB&  obtained  shewed  a  medium  pattern  of  MgB2  and  a  weak  pattern 
of  MgBi2>  the  Li  Be  showed  a  strong  pattern  of  L1B}2  and  a  weak  pattern 
of  LiB2.  It  is  likely  that  MgB$  and  LiB$  are  unstable  and  temperature 
dependent;  although  formed  in  the  s/nthesis  process  at  high  temperature, 
they  may  be  transformed  into  other  borides  during  the  cooling  period. 
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TABLE  IV 


ESTIMATED  HEAT  RELEASE  OF  BORIDES  RELATIVE  TO  BORON 


B 

aib2 

A1B6 

aib12 

MgB2 

MgB6 

MgB12 

LiB2 

ub6 

LiBj2 

Heat  release 
per  unit  weight 
of  fuel,  rela¬ 
tive  to  boron  1.0 

0.  >98 

0.895 

0.942 

0.598 

0.780 

0.871 

0.730 

0.895 

0.944 

Volumetric  heat 
releast  rela¬ 
tive  to  boron  1.0 

0.740 

0.860 

0.918 

1 

1 

0.697 

0.840 

0.911 

0.918 

0.969 

0.982 

Scanning  electron  beam  micrographs  were  taken  of  all  the  borides  at  300, 
1000  and  3000  magnification.  Micrographs  of  an  elemental  boron  powder 
were  also  taken  for  reference.  In  the  following  micrographs  the  borides 
appear  as  agglomerates  of  amorphous  particles  of  various  sizes  (Figures 
1,  2  and  3). 

3.  EXPERIMENTS 

The  major  components  of  the  test  facility  were  the  optical  burner  apparatus; 
a  gas  supply  system;  an  optical  system  for  high  speed  photography;  a  device 
for  exhaust  residue  sampling;  a  control  console  and  sequencer  for  remote  control 
of  ignition,  flow  valves,  camera  and  particle  sampling,  plus  electronic  record¬ 
ing  equipment  monitoring  pressures  and  temperatures.  The  general  arrangement 
of  the  test:  setup  is  shown  in  Figures  4  and  5. 

a.  Test  Apparatus 

The  major  piece  of  test  equipment  used  in  this  program  was  previously 
constructed  at  UTC  under  contract  AF04(611)-11544.'^9'  Several  modifica¬ 
tions  were  made  to  meet  the  requirements  of  the  current  contract;  the 
major  ones  were  (1)  use  of  a  CO/O2  flame  instead  of  a  H2/O2  flame,  to 
eliminate  the  effect  of  the  presence  of  water  vapor  or.  the  combustion; 

(2)  installation  of  an  ejector  system  attached  to  the  burner  exhaust 
duct  for  maintaining  low  chamber  pressure  conditions,  (3)  installation 
of  a  thermocouple  to  monitor  the  Flame  temperature  and  (4)  extending 
the  running  period  to  facilitate  collection  of  adequate  amounts  of  exhaust 
residue.  A  large  part  of  the  experimental  effort  in  the  first  six  months 
of  the  program  was  devoted  to  carrying  out  these  modifications  ard  to 
calibrating  of  the  burner. 

(i)  Optical  Burner 

The  optical  burner,  shown  in  Figure  6,  consisted  of  a  combustion 
chamber  of  1-in.  l.D.  fitted  with  a  transparent  Vycor  window  and 
operating  with  carbon  monoxide  and  oxygen.  The  fuel/oxygen  injector 
had  a  central  port:,  through  which  the  oxygen  was  admitted,  surrounded 
by  six  manifolded  fuel  jets.  The  fuel  inlets  ended  in  a  series  of 
jets  canted  45°  to  the  axis  of  the  burner.  These  jet  impinged  on  the 
oxygen  jets  which  were  canted  outward  at  45°.  A  1/16-in.  O.D., 
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ANALYSIS  OF  BORIDES 


A 


(a)  Number  in  parenthesis  is  the  weight  ratios,  metal  to  boron 

(b)  No  MgB6  detected  although  chemistry  was  perfect 

(c)  No  LiB  detected  although  chemistry  was  perfect 


Mg  0J2  Mg  Bj2  Mg  B]2 


Figure  2.  Scanning  Electron  Micrographs  of  Magnesium  Boride 
Powders  (MgB2~200  mesh,  MgBg  and  MgBj^  “325  mesh) 
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Figure  3.  Scanning  Electron  Micrographs  of  Lithium 
Boride  Powders  (325  mesh) 


Figure  4.  Schematic  Diagram  of  the  Test  Setup 


GAS  SOURCE 


Figure 


SIGHT  GLASS 


GRAPHITE  NOZZLE  INSERT 

CONNECT  TO  EJECTOR 


0.020-in,  I.D,  stainless  steel  capillary  tube  was  fitted  coaxially 
inside  the  oxygen  inlet  port  and  served  for  th*>  injection  of  solid 
fuel.  Air  was  used  as  the  carrier  for  the  so'  particles  and  ut 

the  same  time  served  as  a  diluent  to  lower  the  mperature  of  the 

burnt  gases.  Four  combustion  chambers,  with  lengths  of  3,6,9  and 
12  in.,  were  available.  Taps  for  monitoring  pressures  and  temperature 
were  installed  near  the  exhaust  end  of  the  chamber. 

An  exhaust  duct  was  mounted  downstream  of  a  replaceable  nozzle  section. 
This  duct  could  be  fitted  with  two  windows  or  a  sampling  probe.  Five 
different  sizes  of  graphite  inserts  were  fabricated  for  use  in  the 
replaceable  nozzle  section  to  yield  5,  10,  15,  25  and  40  psia  burner 
pressure  at  a  specific  flow  rate  setting.  Difficulty  was  experienced 
in  maintaining  the  desired  temperature  level,  or  sometimes  even  sustain¬ 
ing  combustion,  when  large  throat  inserts  were  used.  Using  a  i2-in. 
long  chamber  instead  of  the  6- in.  chamber,  thus  increasing  the  L*  by  a 
factor  two  and  facilitating  combustion,  did  not  fully  resolve  the 
problem.  However,  a  trial-and-error  adjustment  of  CO,  and  air 
flow  rates  made  it  possible  to  obtain  the  desired  pressure  and  tempera¬ 
ture  level  for  each  specific  size  of  nozzle  throat  insert. 

(2)  Ignition  System 

Ignition  was  initiated  by  a  pilot  flame  in  an  antechamber  attached  to 
the  main  burner  which  was  itself  ignited  by  a  spark  plug.  Originally, 
the  pilot  flame  operated  on  small  amounts  of  CO  and  0^  regulated  by 
needle  valves.  Problems  were  encountered  in  obtaining  a  stable  pilot 
CO  flame  since  ignition  was  very  sensitive  to  the  gas  flow  rates  and 
the  flame  often  wen*-  out  when  the  spark  was  turned  off.  High  gas 
flow  rates  or  long  spark  durations  resulted  in  rough  starts,  burnout 
of  the  spark  plug,  and  window  breakage.  On  the  other  hand,  low  pilot 
flow  rates  or  short  spark  durations  failed  to  give  good  combustion 
and  caused  carbon  to  deposit  on  the  window  in  the  main  burner.  The 
problem  was  resolved  by  switching  to  a  H2/O2  pilot  falme  end  by  in¬ 
stalling  fixed  orifices  in  lieu  of  the  needle  valves  to  insure  a 
stoichiometric  flow  rate  ratio  in  the  pilot  gis  supply.  Satisfactory 
ignition  of  the  main  burner  gas  was  achieved  with  a  pilot  flame 
turned  on  for  the  first  second  only,  in  total  run  times  up  to  10 
seconds.  Any  effect  of  the  presence  of  water  vapor  on  the  combustion 
of  the  materials  under  investigation  should  be  negligible  under  these 
circumstances. 

(3)  Particle  Feed  System 

The  particle  feed  system  is  shewn  in  Figure  7.  The  diluent  air 
supply  to  the  main  burner  also  provided  the  air  supply  to  the  particle 
injector.  The  latter  was  taken  off  through  a  tee  placed  downstream 
of  the  main  air  venturi  so  that  no  correction  to  tint  chamber  condition 
was  necessary  for  the  air  Injected  through  the  particle  feeder.  A 
check  valve  in  the  main  air  line  downstream  of  the  ;:ee  provided  a 
small  pressure  drop  which  was  independent  of  the  absolute  pressure 
of  the  system.  This  pressure  drop  assured  a  positive  flow  of  air 
through  the  particle  feeder  throughout  a  firing. 
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Figure  7.  Particle  Feed  Mechanism 


In  operation,  air  began  to  flow  through  the  particle  injector  as 
soon  as  the  main  combustion  gas  valves  opened.  The  solenoid  valve 
on  the  injector  was  not  activated,  and  the  air  flowed  through  the 
normally  open  port  without  disturbing  the  particle  container.  After 
six  seconds  of  firing,  when  flow  rates  and  pressures  had  stabilized, 
the  injector  solenoid  valve  was  activated;  the  air  flow  was  diverted 
through  a  stainless  steel  fine  mesh  screen  which  supported  the  particle 
charge,  and  the  latter  was  fed  into  the  combustion  chamber. 

To  feed  the  particle  charge  evenly  into  the  chamber,  the  solenoid  was 
energized  via  an  electric  switching  device  which  turned  on  and  off 
at  6-7  cycles/sec.  The  fine  mesh  screen  experienced  burnout  when 
loaded  with  a  large  quantity  of  LiB2  during  residue  collection  runs, 
probably  caused  by  reaction  taking  place  between  the  HB2  and  the  air. 
The  screen  was  therefore  replaced  by  a  stainless  steel  ball  which 
covered  the  bottom  port  of  the  particle  container  and  kept  the  particle 
charge  in  place,  and  floated  in  the  container  when  air  was  introduced 
through  the  bottom  port . 

(4)  Sampling  Probe 

The  sampling  probe  available  from  the  program  carried  out  under  a 
previous  contract  was  a  miniature  water-cooled  condenser  designed  for 
insertion  into  the  exhaust  gases  immediately  downstream  of  the  nozzle 
(Figure  6).  In  the  previous  program,  difficulties  were  experienced 
in  obtaining  samples;  the  sampling  probe  burned  out  twice,  once  because 
of  inadequate  cooling  water  and  once  because  of  a  faulty  weld.  These 
difficulties  repeated  themselves  during  the  present  program  and 
it  was  found  to  be  impractical  to  make  the  probe  operative.  Instead, 
a  commercial  water-cooled  gas  sampling  probe  (United  Sensor  and  Control 
Corporation  GC-24-24-050)  was  obtained  and  used.  1.2#i  porous  filter 
paper  installed  and  supported  by  a  fine  mesh  screen  particle  trap  was 
used  in  the  outlet  duct  of  the  sampling  probe  for  combustion  residue 
collection.  However,  the  amount  of  residue  collected  during  a  test  run 
was  too  small  for  X-ray  diffraction  analysis.  Alternatives  were  there¬ 
fore  sought,  and  a  much  simpler  technique  resulted  which  made  it 
possible  to  collect  adequate  amounts  of  the  burned  or  unburned  particles 
Issuing  from  the  burner.  This  consisted  of  a  1/8-in.  diameter  tungsten 
rod  inserted  across  the  gas-particle  stream.  The  residues  deposited 
on  the  rod  and  showed  color  variations  reflecting  the  radially  varying 
exhaust  gas-particle  composition  (Figure  8).  The  residues  scraped 
from  the  rod  also  had  the  advantage  of  representing  an  average  exhaust 
sample  of  the  entire  flew  field,  while  a  stationary  probe  could  collect 
a  sample  at  one  radial  position  only.  The  tungsten  rod  technique  was 
used  throughout  the  residue  collection  test  runs.  It  should,  however, 
be  realized  that  the  particles  scraped  from  the  rod  do  not  represent 
a  properly  weighted  average  sample  of  the  particles  in  the  exhaust 
flew,  because  the  diameter  of  the  rod  was  constant  while  the  annular 
cross-section  of  the  flow  is  a  function  of  the  radial  position.  Thus 
the  sample  from  the  rod  gave  too  much  weight  to  the  core  flow  where 
the  heavier  particles  would  tend  to  concentrate. 
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(5)  Ejector  System 

An  ejector  system  was  designed,  fabricated  and  installed  to  pro¬ 
vide  the  exhaust  vacuum  required  for  the  low  pressure  runs.  The 
ejector  system  replaced  a  closed  vacuum  tank  originally  installed, 
which  presented  a  potential  hazard  due  to  the  possibility  of  the 
formation  of  an  explosive  mixture  in  the  tank.  As  shown  in 
Figure  9,  the  ejector  used  nitrogen  from  a  high  pressure  reservoir 
to  drive  the  exhaust  gas  through  the  concentric  channel.  The  back 
pressure  reached  the  desired  2  psia  as  required  to  permit  running 
the  combustion  chamber  at  5  psia. 

b.  Gas  Supply  System 

All  CO,  O2  and  air  used  were  supplied  by  commercial  bottled  gases  (air 
and  O2  by  Liquid  Carbonic  Corp.,  CO  commercial  grade  by  Matheson 
Company).  Three  sets  of  regulators,  valves  and  control  venturis  were 
provided  for  control  of  the  flow  of  CO,  O2  and  air.  A  fourth  system, 
originally  designed  to  be  compatible  with  fluorine,  served  as  a  spare. 
Remotely  operated  regulators  reduced  the  supply  pressure  to  the  de¬ 
sired  working  pressure.  The  gases  were  metered  through  variable  ven¬ 
turis  calibrated  with  nitrogen  against  standard  orifices. 

c.  Control  Console  and  Sequencer 

A  schematic  diagram  of  the  control  console  containing  the  sequencer 
for  operating  the  optical  burner  system  is  shown  in  Figure  10.  This 
sequencer  provided  for  programmed  operation  of  the  burner  control 
components.  Six  individual  channels  were  available;  one  channel  was 
hard-wired  in,  the  other  five  could  be  programmed  by  utilizing  a 
patchboard  to  set  up  the  desired  sequence.  Five  of  the  outputs  pro¬ 
vided  28-vdc  power,  the  sixth  supplied  a  contact  closure  for  remote 
starting  of  recorders.  A  manual  switch  for  purging  the  burner  with 
inert  gas  was  also  provided. 

To  provide  the  most  versatility,  the  sequencer  made  use  of  a  relay- 
controlled  switch,  switch  driver,  and  patch  panel.  This  allowed  the 
operator  to  set  up  a  sequence  in  which  power  would  switch  any  function 
on  and  off  repeatedly,  and  to  vary  the  time  for  each  condition. 

The  stepper  switch  was  relay-operated  and  consisted  of  10  banks  of 
contacts;  each  bank  contained  10  active  positions  and  a  home  position. 
One  bank  of  contacts  was  used  to  supply  timing  resistors  for  the 
driver,  and  one  bank  was  used  for  supplying  power  to  a  series  of 
lights  which  indicated  the  position  of  the  switch.  Five  banks  were 
wired  to  the  patch  panel  for  programming,  one  bank  was  hard-wired  in 
for  the  ignition  function,  and  the  remaining  two  hanks  were  spares. 

The  stepper  switch  driver  was  a  solid-state  device  used  to  switch 
power  on  and  off  the  stepper  switch  solenoid.  The  time  that  the 
switch  was  in  any  one  position  could  be  varied  by  connecting  an  ex- 


23 


Figure  10.  Schematic  Diagram  of  Sequencer 


ternal  resistor  across  the  test  jacks  supplied  for  this  purpose. 

One  pair  of  jacks  was  supplied  for  each  step  position  of  the  switch. 

The  time  for  each  step  could  be  varied  from  approximately  70  msec  to 
5  sec.  A  variable  resistance  device  was  incorporated  in  the  control 
console  for  quick  and  more  precise  adjustment  of  the  sequence. 

Provisions  were  included  in  the  sequence  to  enable  the  operator  to 
check  the  time  duration  of  any  step  of  the  switch  or  the  time  duration 
of  the  entire  sequence.  A  phone  jack  was  provided  on  the  side  of  the 
console;  by  plugging  a  standard  timer  into  this  jack  and  selecting  the 
desired  channel  on  the  timer  check  rotary  switch,  the  time  for  that 
particular  event  could  be  checked. 

The  patch  panel  consisted  of  10  rows  of  10  contacts.  Two  rows  of  con¬ 
tacts  were  utilized  for  each  control  function.  One  row  of  contacts 
was  wired  together  and  connected  to  the  output  function  control  switch. 
The  other  tow  was  connected  to  the  contacts  of  the  stepper  switch.  The 
wiper  of  the  stepper  was  wired  to  +27  vdc;  as  the  stepper  was  advanced 
the  contacts  picked  up  the  28  v  and  applied  it  to  the  patch  board.  If 
a  patch  wire  was  plugged  into  the  board  this  voltage  was  jumped  onto 
the  common  bus  and  applied  to  the  load.  This  was  typical  for  each 
channel . 

The  function  control  switches  were  supplied  power  from  the  patch  boaro. 
If  a  particular  channel  was  patched  in  and  the  control  switch  turned 
on,  an  indicator  light  next  to  the  switch  lighted  when  that  channel 
was  activated,  indicating  that  power  was  present  and  that  a  relay  was 
energized.  The  contacts  of  the  stepper  switch  had  a  low-power  switch¬ 
ing  capacity;  therefore,  an  additional  relay  was  used  to  supply  power 
to  the  load.  Loads  requiring  up  to  5  amp  at  28  vdc  could  be  powered 
from  this  sequencer.  The  recorder  channel  was  an  exception  to  the 
above;  instead  of  switching  28  vdc  to  the  output,  it  supplied  a  contact 
closure  which  was  used  to  turn  a  recorder  on  and  off  remotely. 

The  emergency  shutdown  switch  was  the  main  power  shut-off  switch.  In 
order  to  have  power  available  to  the  output,  this  switch  had  to  be  in 
the  "on"  position.  If  for  any  reason  it  became  necessary  to  cut  off 
power  to  the  load  during  the  sequence,  the  red  switch  guard  was  pushed 
down  which  cut  off  all  output  power.  The  sequencer  would  continue  to 
step  through  the  remaining  steps  until  it  hit  the  home  position  where 
it  would  stop;  however,  no  power  would  be  supplied  to  the  load  during 
this  time. 

d.  Photography 

Two  cameras  were  originally  used  in  this  study,  a  Hycam*  K-1001  and 
an  Automat  pulse  camera.  The  use  of  the  pulse  camera  at  different 
settings  only  occasionally  produced  usable  particle  traces.  On  the 
other  hand,  excellent  results  were  obtained  with  the  Hycam  camera 
at  frame  speeds  of  2000  per  second  and  f/2.8  lens  aperture.  To 
distinguish  burning  particles  from  merely  glowing  particles,  color 
film  was  used  instead  of  the  black  and  white  film  (Linagreph)  tried 


*  Red  Lake  Laboratories,  Santa  Clara,  California 
t  Triad  Corporation,  Los  Angeles,  California 
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in  the  beginning.  Kodak  Ektachrome  type  EF  has  an  ASA  rating  of 
160.  By  special  processing  an  equivalent  rating  of  ASA  640  was  ob¬ 
tained.  The  high  speed  of  the  camera  was  used  to  limit  the  motion 
of  the  particles  in  each  frame  and  thereby  permit  measurement  of  the 
velocity  by  comparing  the  location  in  subsequent  frames.  Typical 
particle  traces  are  shown  in  successive  frames  in  Figure  11.  As  can 
be  seen,  the  ignition  delay  and  burning  times  could  be  determined 
from  the  locations  which  a  particle  started  and  finished  its  burning 
process . 

e.  Data  Recording 

A  platinum- platinum/ 107.  rhodium  thermocouple  (Tempton,  Inc.)  was  used 
to  measure  the  flame  temperature  just  upstream  of  the  exhause  nozzle 
during  calibration.  The  burner  pressure  was  monitored  by  a  CEC  (Con¬ 
solidated  Engineering  Corporation)  pressure  transducer  model  4-327-001, 
connected  to  a  pressure  tap  located  at  90  to  the  thermocouple  con¬ 
nection.  Both  temperature  and  pressure  measurement  were  recorded  by 
a  CEC  recorder  type  5-124. 

f.  Particle  Size  Separation 

All  the  particles  procured  were  separated  by  particle  size,  using 
No.  200,  250,  270,  325  and  400  mesh  brass  sieves  in  a  Roto-Tab  shaker. 
MgB2>  A1B2  and  B  powders,  originally-200  mesh  (less  than  74p),  were 
separated  into  four  size  lots  between  37,  44,  53,  63  and  74;u.  The 
other  powders  originally  -325  mesh  (less  than  44p) ,  were  sieved  into 
one  size  lot  between  37  and  44/J.  In  most  of  the  test  runs,  37-44p 
particles  were  used. 

g.  Safety  Equipment 

Since  carbon  monoxide  is  classified  as  a  chemical  asphyxiant,  the 
burner  cell  exhaust  was  ducted  through  the  outside  wall  of  the  build¬ 
ing.  During  test  operation,  a  CO  monitor  (UNICO  Model  888)  in  the 
room  was  activated  to  insure  no  CO  had  escaped. 

4.  CALIBRATION  OF  BURNER  TEST  CONDITIONS 

The  test  conditions  were  originally  intended  to  be  5,  10,  15,  25  and  40  psia 
at  2000  and  1700  K,  using  a  nozzle  with  0.336- in.  throat  diameter.  Pictures 
taken  in  early  runs  showed  that  nearly  all  particles  were  still  burning  when 
they  left  the  12-in.  chamber,  making  it  impossible  to  determine  the  total 
burning  time.  To  increase  the  particle  residence  time  in  the  chamber,  the 
nozzle  diameter  was  changed  to  0.200  in.  It  was  also  early  decided  to  drop 
the  temperature  settings  to  1650  and  1400  K  in  view  of  the  success  in  getting 
ignition  of  MgB2  at  these  lower  temperatures.  Difficulty  was  encountered  in 
obtaining  a  precise  5  psia  setting  at  these  two  temperature  levels  without 
further  adjustment  of  the  throat  size.  As  a  compromise  a  setting  of  5  psia  at 
1250  K  was  accepted.  The  measured  pressures  and  temperatures  at  nine  con¬ 
ditions  used  are  listed  in  Table  VI,  along  with  the  flow  rates  of  CO,  0£  and 
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air.  A  typical  pressure  and  temperature  trace  is  shown  in  Figure  12. 

Calculations  were  carried  out  to  evaluate  the  theoretical  equilibrium  conditions 
for  the  C0-02-air  combustion  system  at  pressures  corresponding  to  a  given  set 
of  mass  flow  rates  and  given  throat  area.  The  results  are  listed  in  Table  VI. 

The  characteristic  velocity  c*  was  computed  from  the  relationship  between  pres¬ 
sure,  flow  rate  and  throat  area.  Comparing  the  experimental  values  with  the 
theoretical  ideal  characteristic  velocity,  c*  efficiencies  were  derived  which 
are  also  listed  in  Table  VI. 

The  mean  gas  velocity,  V  ,  in  the  burner  cell  was  calculated  from  the  flow  rate, 
the  measured  temperature  T  and  pressure  P  ,  and  the  theoretical  molecular  weight 
Mc  by  using  the  relationship  c 

w  R  T 
_ o  c 


where  R  is  the  universal  gas  constant  and  A  the  cross-sectional  area  of  the 
o  c 

chamber.  This  velocity  was  later  spot-checked  against  the  particle  velocity 
measurement  obtained  by  high-speed  photography,  assuming  no  particle  lag.  Good 
agreement  was  found. 

The  thermal  properties  of  the  gas  system  and  the  composition  of  the  combustion 
products  were  also  printed  out  in  the  thermochemical  computer  program  study. 

These  data  are  attached  as  Appendix  I. 

5.  EXPERIMENTAL  RESULTS  AND  DISCUSSION 

The  objective  of  the  experimental  study  was  to  determine  ignition  delay  times 
and  burn  times  by  photographic  tracking  of  doped  and  undoped  boron  and  boron- 
metal  compounds,  and  to  determine  the  combustion  efficiencies  by  X-ray  diffrac¬ 
tion  or  wet  chemical  analyses.  The  parameters  studied  were  the  particle  chemical 
composition,  the  particle  size,  the  combustion  pressure  and  temperature,  and  the 
effects  of  dopants.  Since  particle  tracking  requires  that  only  a  small  quantity 
of  particles  be  used  in  order  that  individual  particle  traces  can  be  studied, 
and  residue  collection  required  heavier  particle  loading  to  obtain  adequate 
samples  for  analysis  in  the  available  run  time,  these  two  types  of  tests  had  to 
be  run  separately.  In  the  majority  of  cases  the  test  conditions  in  the  two  kinds 
of  tests  were  identical;  these  conditions  are  listed  in  Tables  VII  and  VIII, 
the  pressures  representing  actual  measured  values.  In  runs  with  particles  the 
thermocouple  was  removed  to  avoid  obstruction  of  the  flow.  The  temperatures 
listed  are  those  measured  previously  in  the  calibration  process;  these  were 
spot-checked  ^csssionally  to  confirm  a  variance  of  the  temperature  reading  of 
less  than  2%, 

a.  Combustion  Characteristics 

Nearly  100  combinations  of  test  conditions  were  used.  Ail  37-44»<  particles 
were  burned  at  1650  K  and  10,  15,  25  and  40  psia,  and  at  1250°K  and  5  psia. 

31 


0  5  10  15 

t,  sec 


Figure  12.  Typical  Pressure  and  Temperature  Traces 


32 


X-RAY  DIFFRACTION  OF  COMBUSTION  RESIDUES 
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X-RAY  DIFFRACTION  OF  COMBUSTION  RESIDUES  (Continued) 
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With  MgB2 »  L1B2,  AIB2  and  B  additional  tests  were  made  at  1400°K  and  10, 

15,  25  and  40  psia.  In  the  study  of  the  effects  of  particle  size,  ad¬ 
ditional  tests  were  conducted  with  the  44-53M  and  63-74M  size  lots  of  MgB-, 
A1B2  and  B.  1 

Particles  were  fed  to  the  burner  cell  intermittently  at  6-7  cycles/sec 
without  much  control  over  the  number  and  spacing  of  the  particles.  Thus 
in  the  film  of  each  run  there  are  portions  during  which  few  particles  were 
injected,  and  portions  during  which  clouds  of  particles  passed  by.  When  a 
single  particle  or  a  sparse  particle  cloud  was  injected  individual  particle 
traces  were  clearly  distinguishable  on  the  film  frames  (Figure  11).  When 
the  particle  concentration  increased,  ignition  occured  closer  to  the 
injector,  and  at  large  concentration  burning  was  established  practically 
at  the  injector  end  of  the  cell.  The  density  of  radiation  emanating  from 
a  burning  cloud  of  particles  was  so  great  that  individual  particle  traces 
can  no  longer  be  identified  (Figures  13  and  14).  This  very  early  ignition 
is  a  consequence  of  the  small  average  distance  between  particles  which  re¬ 
duces  the  dissipation  of  the  heat  generated  by  oxidation. 


As  a  result  there  is  a  wide  range  of  scatter  both  in  the  ignition  delay 
and  the  burning  times  of  particles  in  the  same  test.  Therefore  average 
values  were  taken  for  each  set  of  experimental  conditions.  The  result.®  are 
plotted  as  a  function  of  chamber  pressure  in  Figures  15  through  21.  using 
temperature  as  a  parameter.  The  ignition  delay  and  burning  time  for  the 
borides  fall  in  the  range  of  0-8  msec  and  2-15  msec  respectively.  In 
general,  these  times  decrease  with  increasing  pressure  and  temperature, 
except  for  MgB2J  the  burning  time  data  on  this  compound  are  so  scattered 
that  no  trend  can  be  identified.  The  elemental  boron  particles  showed  a 
similar  ignition  delay  but  their  combustion  was  so  slow  that  in  general 
they  were  still  burning  when  they  left  the  12- in.  chamber,  which  had  a 
residence  time  of  14-24  msec.  Alternatively  combustion  of  Some  boron 
particles  would  cease  well  within  the  chamber,  long  before  all  the  boron 
could  possibly  have  been  consumed.  It  was  reported^  1  that  the  combustion 
of  boron  particles  occurs  in  two  successive  stages.  After  the  initial 
heatup,  the  boron  particle  becomes  luminous,  glows  for  a  short  period  of 
time,  dies  out,  and  reignites  to  burn  completely  in  a  second  stage  which 
is  much  brighter  and  longer  than  the  first  stage.  In  the  current  experi¬ 
ment  most  of  the  boron  particles  were  probably  burning  in  the  first  stage 
only. 


The  flame  of  the  CO-C^-air  mixture  had  a  deep  blue  color  which  changed  to 
bright  green  when  magnesium  boride,  aluminum  boride  or  boron  particles 
were  released  into  it;  the  lithium  boride  seeded  flame  has  a  pink  hue 
(See  Figure  13).  At  1650  K,  the  degree  of  flame  brightness  fell  in  the 
following  sequence;  MgB,,  MgB._,  B,  A1B  ,,  A1B„ ,  LiB. and  LiB, 
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particle  traces  of  magnesium  and  1 ithiuni  Boride§  were  often  very  hazy 
especially  so  at  low  pressures,  indicating  vapor  ghasc  burning.  In  re¬ 
spect  to  sharpness  of  the  particle  traces  at  1650°K  the  particles  fell  in 
the  following  descending  order;  B,  A1B2,  AIR  MgB  MgB,,  LiB  „  and 
LiBj*  At  5  psia  and  1250  K,  LiB-  showed  some  hazy  traces;  only  dim  burn¬ 
ing  clouds  were  observed  when  other  particles  were  used.  The  degree  of 
flame  brightness  under  this  condition  fell  in  the  order  Lib LiB7,  B, 
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Figure  13.  Typical  Burning  of  MgB„,  LiB2,  A1B2,  and  Boron  Particles 
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Figure  18.  Ignition  Delay  and  Burning  Time  for  37  to  44#J  at  1,650°K 
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Figure  19.  Ignition  Delay  and  Burning  Tine  for  37  to  44ji  LiB. 
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CHAMBER  PRESSURE,  PSIA 


Figure  21.  Ignition  Delay  for  37  to  4h,u  Boron 


MgB„,  MgBp,  AIB^  and  AIB2.  Only  MgB2>  AIB2  and  boron  were  tested  at 
1400°K;  their  flame  brightness  and  sharpness  of  the  traces  fell  in  the 
same  order  as  observed  in  the  1650°K  test  runs. 

The  color  cinematography  used  in  the  later  tests  showed  a  clear  difference 
between  burning  and  merely  glowing  particles.  The  glowing  particles  were 
only  observed  at  the  highest  chamber  pressures  wb'h  does  not  favor  vapor 
phase  burning. 

The  effect  of  particle  size  on  ignition  delay  and  burning  time  is  shown  in 
Figures  22,  23  and  24,  for  AIB2,  MgBj  and  B  burning  at  1650°K.  In  general, 
both  times  increase  with  particle  size.  Again,  the  burning  time  data  for 
MgB„  scatter  so  much  that  no  definite  trend  can  be  identified.  The  scatter 
of  the  MgB2  data  may  be  due  to  a  tendency  to  break-up  of  the  particles  into 
small  pieces  along  their  burning  path. 

To  investigate  the  effect  of  dopants,  small  quantities  of  the  seven  materials 
were  doped  with  1.5%  LiF.  Ethanol  was  initially  used  as  the  solvent  for 
LiF,  but  it  reacts  slowly  with  LiB2  forming  a  layer  of  salt  on  top  of  the 
particles.  White  gasoline  was  therefore  used  as  the  solvent. 

Two  runs,  at  40  psia  and  1650°K,  and  at  5  psia  and  1250°K,  were  made  with 
each  of  the  seven  kinds  of  doped  particles  (Table  VIII).  Compared  with 
the  burning  characteristics  determined  in  the  corresponding  runs  with 
undoped  particles,  the  coating  with  LiF  created  ar.  increase  in  luminosity, 
and  shortened  the  ignition  delay  to  where  it  was  practically  zero  in  most 
cases.  The  effect  on  burning  time  was  irregular  and  no  clear  conclusion 
can  be  drawn. 

b.  Residue  Collection  and  Analysis 

A  total  of  81  runs  were  made  for  residue  collection.  In  most  of  them  test 
conditions  duplicated  those  used  in  runs  made  for  particle  tracking.  Tests 
with  44-53h  size  particles  were  omitted  since  not  much  difference  in  burning 
characteristics  was  observed  with  the  particles  of  adjacent  size  lots. 

Only  one  lot  of  37-44ju  size  AlBp  was  used  because  the  early  X-ray  diffrac¬ 
tion  analysis  indicated  some  unburned  aluminum.  Additional  test  runs  with 
MgB. 2  were  conducted  at  1400°K  in  view  of  favorable  results  obtained  at 
higher  temperatures. 

As  described  in  Section  II,  a  1/8-in. -diameter  tungsten  rod  was  placed 
just  downstream  of  the  burner  cell  exhaust  nozzle  to  collect  the  combus¬ 
tion  residue.  These  were  scraped  off  and  submitted  to  analysis. 

To  insure  that  no  leftover  burned  or  unburned  particles  remained  in  the 
system,  the  apparatus  was  disassem'  led  and  thoroughly  cleaned  after  each 
series  of  runs  using  a  specific  type  of  ptvticle.  Many  runs  had  to  be 
made,  especially  at  the  low  pressure  conditions  when  the  flow  rate  was 
extremely  low,  before  a  sufficient  amount  of  residue  had  been  collected. 

The  residues  collected  from  the  combustion  of  magnesium  borides  were  white 
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Figure  24.  Ignition  Delay  for  soron  at  1,650 


and  fluffy.  The  residues  from  lithium  borides  were  dark,  glassy  and  hard. 
There  was  not  much  difference  between  the  appearance  of  the  combustion 
residues  of  aluminum  borides  and  boron;  they  were  both  dark  in  color,  not 
as  hard  as  the  residues  from  lithium  borides,  and  without  glassy  coating. 
Scanning  electron  micrographs  of  typical  combustion  residues  of  Mgl^  and 
are  shown  in  Figure  25. 

A  summary  of  the  X-ray  analyses  of  the  combustion  residue  is  presented  in 
Table  VII.  The  X-ray  diffraction  data  of  the  residues  and  original  chemi¬ 
cals  are  attached  as  Appendix  II.  When  Mgl^  was  burned  at  1400  K.  or  higher 
temperatures,  the  X-ray  diffraction  analysis  indicated  a  strong  pattern  of 
Mg-B.O. ,  a  weak  pattern  of  MgB,  and  a  tract  of  MgO.  At  the  5  psia  and 
I250°k''condition  the  residue  snowed  a  strong  pattern  of  MgO,  a  weak  pattern 
ot  MgB^  and  a  trace  of  Mg2B20^.  When  MgB^  was  burned  at  1400°K  or  higher 
temperatures,  the  residues  showed  a  strong  pattern  of  ^82^2^5  anc*  *n  some 
cases  B20  ,  and  a  weak  pattern  or  a  trace  of  MgB^  or  B.  At  5  psia  and 
1250°K,  the  residue  showed  a  strong  pattern  of  unburned  MgB]o  and  a  weak 
pattern  of  B203.  In  the  case  of  LiB2>  the  exhaust  residue  showed  lithium 
borates  and  boron  oxides  but  no  unburned  particles  or  higher  borides.  The 
residue  of  LiB^  showed  a  strong  pattern  of  unburned  particles  in  every 
case.  In  tests  with  AlB2  and  AlB^,  aluminum  was  identified  alongside  with 
aluminum  borates  and  oxides.  Unburned  boron  was  found  in  almost  all  the 
tests  burning  boron. 

Based  upon  the  indications  from  X-ray  analysis,  additional  residue  samples 
were  taken  with  heavier  loadings  of  MgB^  and  MgB  2  burning  at  15  psia  and 
1650°K.  These  were  subjected  to  wet  chemical  analysis,  by  dissolving  in 
hot  hydrogen  peroxide  and  then  boiling  to  remove  excess  peroxide.  The 
percentages  of  B  in.  MgB2  and  MgB.™  residues  were  determined  by  flame  photo¬ 
metry  to  be  31.4  and  28%  respectively.  The  magnesium  contents  were  deter¬ 
mined  by  E.D.T.A.  titration  as  36.37.  for  MgB2  and  5.67.  for  MgB^  residues« 
Referring  these  figures  to  the  stoichiometric  0/F  ratio  of  these  borides 
burning  in  oxygen,  it  is  found  that  the  combustion  efficiencies  were  627. 
for  MgB 2  and  1007.  for  MgB^i  assuming  no  impurities  were  present  in  the 
original  materials  burned. 

Not  sufficient  residue  of  LiB2  combustion  was  available  for  wet  chemical 
analysis.  Since  the  X-ray  pattern  showed  promising  results  it  would  be 
worthwhile  to  collect  more  residue  for  such  analysis  in  order  to  obtain 
a  quantitative  value  for  the  combustion  efficiency. 

The  results  of  X-ray  diffraction  analysis  of  the  residues  from  the  combus¬ 
tion  of  1.57,  LiF  doped  particles  are  summarized  in  Table  VIII.  Comparing 
these  with  the  corresponding  data  in  Table  VII,  doping  appears  to  yield 
a  small  improvement  in  the  degree  of  oxidation  of  MgBj^i  AIB2,  AlBi2, 

LiBp  and  boron,  but  has  no  clear  effect  on  MgB2* 

It  is  reporteu  that  the  efficacy  of  I. IF  is  due  in  part  to  the  low 

boiling  point  of  lithium  tetraborate,  one  of  the  products  of  combust  ion, 
compared  to  that  of  BjO^which  is  100C°C  higher,  and  in  part  to  an  exo¬ 
thermic  reaction  between  lithium  tetraborate  and  which  provides 
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figure  25.  Typical  Scanning  Electron  Micrographs  of  Combustion  Residues 


heat  to  enhance  combustion.  Since  the  combustion  products  of  boron-metal 
compounds  all  consist  of  borates,  it  can  be  postulated  that  all  borates 
may  behave  like  lithium  tetraborate  and  thus  promote  efficient  burning. 
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SECTION  III 


CONCLUSIONS  AND  RECOMMENDATIONS 


The  objectives  planned  for  this  program  were  successfully  accomplished.  It  has 
proven  feasible  to  modify  and  use  an  available  optical  burner  for  the  study  of 
the  combustion  characteristics  of  magnesium,  lithium  and  aluminum  borides  in  a 
CO-02-air  system  at  5  to  40  psia  chamber  pressure  and  1250  to  1650  X  tempera¬ 
tures.  Data  taken  by  the  high  speed  cinematography  indicate  that  most  of  these 
borides  were  more  readily  burned  than  elemental  boron.  The  ignition  delay  and 
burning  times  of  these  borides,  determined  from  the  motion  pictures,  were  in  the 
range  of  0-8  and  2-15  msec  respectively.  These  are  considerably  shorter  than 
the  corresponding  measured  times  of  boron,  and  also  shorter  than  those  published 
for  boron  elsewhere.  (2,7) 

X-ray  diffraction  analyses  showed  that  the  residues  from  the  combustion  of  these 
borides  contained  mostly  borates  and  oxides.  The  burning  of  LiB^^nd  MgB^2  left 
no  partially  burned  materials  or  ur.burned  component  metal  in  the  residue,  indi¬ 
cating  essentially  100%  combustion  efficiency.  This  was  confirmed  by  wet-chemical 
analysis  of  the  residue  of  MgB^  burned  at  15  psia  and  1650  K. 

At  the  same  condition,  the  combustion  efficiency  was  62%  when  MgB„  was  burned, 
X-ray  diffraction  analysis  showed  that  the  combustion  residue  of  MgB2  contained 
higher  borides  whose  combustion  was  not  complete. 

Because  of  their  high  melting  point  (Table  II),  AIB2  and  AlB.^  would  not  achieve 
high  combustion  efficiency  when  burning  at  the  test  temperatures  used.  X-ray 
diffraction  analysis  of  their  combustion  residues  indicated  the  presence  of  un¬ 
burned  materials,  either  aluminum  or  aluminum  borides.  Previous  investigation 
has  shown  that  both  magnesium  and  boron,  and  aluminum  and  boron,  display  a  wide 
range  of  mutual  solubility  (11,  13, 14) .  the  diborides  are  formed  at  low  temperature 
and  decompose  into  higher  borides  and  elemental  metal,  Mg  or  Al,  during  the 
heating  up  process. •  Thus  the  diborides  will  be  inferior  to  the  dodecaborides  as 
fuel  since  the  decomposition  process  is  endothermal. 

However,  this  hypothesis  may  be  contradicted  by  the  experimental  results  obtained 
on  lithium  borides  in  this  investigation.  The  X-ray  analysis  indicated  a  higher 
degree  of  oxidation  of  LiBp  than  of  LiB^2  when  these  borides  were  burned  in 
C0~0_  flame.  The  X-ray  method  can  only  identify  the  components  in  the  residue, 
not  their  relative  proportions.  Some  uncertainty  arose  from  the  fact  that  there 
are  no  published  X-ray  pattern  available  for  lithium  borides.  To  draw  firm  con¬ 
clusions  regarding  the  relative  merits  of  these  two  borides,  it  will  be  necessary 
to  perform  wet  chemical  analyses  on  the  residues. 

Wet  chemical  analysis  should  also  be  carried  out  on  other  residue  samples,  to 
extend  the  data  on  a  few  promising  chemicals  such  as  MgB12  and  LiB~,  to  cover 
the  effects  of  pressure,  temperature,  particle  size  and  doping.  Tne  necessary 
residues  could  be  easily  obtained  on  the  present  test  apparatus.  The  combustion 
efficiency  data  obtained  by  wet  chemical  analysis  will  be  invaluable  in  deter¬ 
mining  the  full  merits  of  these  borides  when  burning  under  conditions  under  which 
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it  is  not  possible  to  achieve  satisfactory  boron  combustion. 

The  ratio  of  air  and  primary  flow  rates  was  low  in  the  experiments  conducted  in 
the  present  program  and  no  secondary  combustion  was  involved.  To  investigate 
the  effect  of  quenching  when  a  large  amount  of  secondary  air  is  introduced  down¬ 
stream  of  the  primary  and  to  determine  what  the  combustion  performance  would  be 
in  real  air  augmentation  application,  a  parametric  study  is  recommended,  which 
would  use  the  promising  borides  selected  from  this  investigation  and  employing 
the  small  scale  UTC  connected  pipe  test  facility. (20)  a  continuous  particle 
feeding  system  capable  of  injecting  particles  evenly  at  high  as  well  as  low 
rates  would  be  worked  out.  Alternatively  a  hybrid  propellant  system  could  be 
used  as  the  fuel  rich  primary,  with  the  boride  particles  cast  in  the  fuel  grain. 
The  parameters  of  investigation  would  be  the  ratio  of  air  and  primary  flow  rates, 
the  concentration  of  the  boride  particles  in  the  primary  system,  the  secondary 
chamber  pressure,  and  the  air  temperature.  Pressure  would  be  the  major  measure¬ 
ment  obtained  and  would  be  used  to  determine  combustion  efficiency,  air-rocket 
specific  impulse,  and  heat  release  in  the  secondary  chamber.  In  the  preparation 
of  the  fuel  grain,  consideration  would  be  given  to  the  stability,  hygroscopicity, 
hvpergol icity  and  other  physical  and  chemical  properties  of  the  borides  used. 

The  metal-boron  compounds  were  prepared  by  fusing  the  elemental  metal  and  boron 
in  a  furnace.  This  does  not  involve  elaborate  processes  or  complex  equipment, 
and  the  compounds  can  be  produced  in  a  bulk  scale.  The  cost  in  small  quantity 
lots  is  high,  but  it  will  be  greatly  reduced  on  a  mass  production  basis.  For 
instance,  the  projected  cost  for  MgB.~  i-n  1000-lb.  lots  will  drop  to  $21>.00  per 
pound  which  is  comparable  to  the  cost  of  boron.  Estimates  for  the  projected 
cost  of  MgB^,  MgB^  and  LiB2  are  given  in  Appendix  III. 

It  appears  that  the  difficulty  experienced  with  the  combustion  of  boron  under 
low  temperatures  and  low  pressure  conditions  can  be  resolved  by  substituting  these 
boron-metal  compounds  for  boron.  The  compounds  are  also  reasonable  in  cost  and 
thus  can  be  considered  as  promising  additives  to  solid,  liquid,  or  a  hybrid 
propellant  for  use  in  air-breathing  rocket  systems. 
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APPENDIX  I 

THEORETICAL  EQUILIBRIUM  CALCULATION  FOR 
C0-02-AIR  COMBUf  JION 
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«,?loonooo«AOi 

3.551331436*01 

1 ,000000006*00 

Pof.SSURE,  ATM 

A,2?S6196JP#00 

2.416529286*00 

6.804572878-0? 

TthPERAH/MI#  mo  * 

2. 576*013*6*03 

2,406625486*03 

1,304V64S?6*03 

Or  A  T  CAP.,  C  At /DEG  K/G 

l.lf!427«lb*-0l 

3.172728486*01 

2.960355048-01 

EoIHALPY,  kcai/g 

-2,8*2*64676-01 

•3,651716046*01 

-7,*?7017?l*-0l 

CmIHOPY,  CAL/i'I  g  K/G 

1,986116286*00 

1  .986118286*00 

1 .9861  16786*00 

mhlS  m  gas  /  ioo  r. 

2,9 3605895**00 

2.917540248*00 

?. 89*395816*00 

COMBUSTION  PRODUCTS 

chamber 

TMRUAT 

l XM4USTI  11 

MlJLS/100  g 

MUl.5/100  r. 

MOlS/100  G 

C  0 

1,000000006-10 

1 .000000006-10 

1  ,000000006-1 f 

C"  n 

1 .000000008-10 

1.000000006-10 

1 .000000006-10 

Co  G 

7.26»8478?P-02 

4. 832114216-0? 

1  .904460786-06 

Co?  r. 

1, 00331707*400 

1 ,035684896*00 

1.076004516*00 

C?  i» 

I .00000000**10 

1 .000000006-10 

1 ,000000006-1 0 

Cm?  G 

1,00000000**10 

1.000000006-10 

1 ,000000006-ir 

Cl  G 

1.00000000*-10 

1,000000006*10 

1 ,000000006-lc 

cm?  g 

1.00000000**10 

1,000000006-10 

1.000000006*10 

Ca  g 

1 ,00000000**10 

1.000000006*10 

1.000000006*10 

C5  G 

1,00000000*“10 

l  ,000000006-: o 

1 .000000006-10 

N  G 

5,654057396-07 

1.530539066-07 

1 ,000000006-10 

0"  r. 

A,  9*21 0031 **02 

3,844665596-02 

8,066679666-0* 

7.0?  G 

S, 985887  31**05 

4  .00  j06365*-05 

1 ,70?*7993»*06 

NO  J  G 

2.6  70J  75*9** 1C 

9,734255466-11 

l ,000000006-1 0 

Ao  G 

1 ,3»«*«52B**00 

1,40*196376*00 

1 ,42*0 35766*00 

Non  r, 

1 . 97 10U688P"06 

2.222562976*06 

4,404093576-09 

K?U3  g 

1 ,0000"00< **10 

1 ,000800006*1 0 

1  .000000O()6-lii 

H-il*  r, 

1 ,00000000**10 

1,000000006-10 

1,000000006*10 

n  G 

1,0701*065**02 

6. 010806716*03 

7,682601006-07 

(10  G 

3,8J73S815**0| 

3, 76*251 716*01 

1.77!?96586-0l 

AP  G 

1  ,*«16*0t0**02 

1 .6* 1*60106*02 

1 .6*1*80106-0? 

r  s 

0,00000000*400 

0.000000006*00 

0,0000000(|6*0<: 
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l».r;HC0If  NTS 

M? 

•  PCI  •  ELEMENTS 

<>M  A 1  DNS 

0 n  V a  C  ARrtMN  MONO* 1 0£ 

(.AS 

1A.95  a 

3.151 318986*00 

C(09  1XYGEN,  GAS 

20,03  C 

1 .2A772A1 16*00 

9099  AIR 

*5,0?  N 

2,629561916*00 

AH 

1.399875626-0? 

Pi'jPfUANT  OfiSITY#  G/CC  1  .OOOOOUOOP-03 

TMROAl 

EXHAUST!  11 

A<tA  RATI') 

1.000000006*00 

6.183063736*00 

n»IlNil"  ISP.  SEC 

8 . *  7  35502 16*01 

1.9961667/6*0? 

V-CUU“  ISP*  SIC 

1.597667178*02 

7. 200708676*07 

r..*  rr/src 

4. 1 72254066*03 

vrt'JCUY*  FT/stC 

2.776260056*03 

6, 622665 166*03 

Dr  .St  TY,  GM/CC 

7.5576074 16-OA 

1 ,755oV?MA6-05 

CmanHI  n 

THRIJAT 

EXHAUST!  11 

Pnt  S  S'  'M  E  *  PSIA 

3,920000006*0l 

2,265100666*01 

1.000000006*00 

1’  *t  SSI,WF *  ATm 

2,667 3°2AV**00 

1.5*33*5586*00 

6.804572676-07 

u  MPEHirtiNt .  dig  « 

7,6956  «17?P*0 J 

2,5580*0976*03 

1 .683728556*03 

Mr  at  cap. ,  CAi./nt'j  </o 

,  3.211A22106- 31 

3.202**3316-01 

3 .0737928 l 6-0 1 

t-'IMALPY.  *  C  A  l  /If 

■ 1 , 796 1 • 2786-0 1 

-*.170895556-01 

-7.673337016-01 

1  •  TRflPT*  CAL  /ntG  Y/G 

7,02.6*6186*00 

7.021686186*00 

7.023686186*00 

h-ls  m  gas  r  too  r. 

7.90239018»*00 

2,87*605956*00 

2.804698196*00 

C"-iHI(ST|ON  PRODUCTS 

chamber 

TMROAl 

e  xmaust t  n 

MIILS/lOO  >. 

MUlS/lOO  G 

MOL  5/ 1 00  G 

C  >• 

1 .000000006*10 

1.000000006-10 

1 .000000006-10 

C  G 

1,000000006-10 

1.000000006-10 

1 ,000000006-10 

C"  G 

t,/iA397*?6-01 

1.251710336-01 

7,8*0637106-04 

c-e  g 

i ,orA?A«sj»*oo 

1.122553276*00 

1,2*69*0036*00 

C  G 

1.000000006-10 

1.000000006-10 

1 .000000006-10 

C»«?  :• 

1,000000006-10 

; ,oooooooo»-io 

1 .000000006-10 

C  *  G 

I .000000006-10 

1,000000006-10 

1.000000006-10 

rui?  r. 

1,000000006-10 

1 .000000006-10 

1 .000000006-10 

Ca  G 

1 ,000000006-10 

1,000000006-10 

1 .000000006-1 0 

Cm  ft 

1,000000006-10 

1,000000006-10 

1 .000000006-10 

N  G 

1  ,7o??R»A06-06 

7 ,2  7  AO  1 7 A06-07 

1  .000000006-1.1 

>. .  r, 

S, *29*11756-0? 

A, 295318766-02 

*.  571813256-0 3 

N"?  'i 

A  ,62*6i*S7B-05 

3 ,  l  A220  3J86-05 

2.712721*96-06 

Nm  )  G 

1,7 J  70  *9996- 1 0 

5.821550566-1 1 

1  .000000006-10 

NY  G 

1 ,18/6*6686*00 

1.193286356*00 

1 •  ?  ■ 751 86  76*00 

N  ’’ii  ki 

1.2702*9786-06 

1,965665286-06 

*. 57*95065»-0h 

t ,0000*0006-10 

1,000000006-10 

1  .000000006-1(1 

K>U« 

1,000000006-10 

1.000000006-10 

1  .000000006-11! 

0  f, 

7,2509*5726-02 

l  .560106306-02 

1,3*5715366-0* 

(1-*  (• 

1,76  20*7506-01 

3.612111926-01 

J. 259951726-01 

'• 

1  .  199875676-02 

l» 199675626-02 

1.399675626-07 

C  N 

0,000000006*00 

0.000000006*00 

O.OOOC 0000»*0n 
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INGREDIENTS 

XT 

•  PC  T ,  LLEMEMTS 

GM  ATOMS 

0196  C4RHCM  KlNUXIQE 

GAS 

S7 

.06  0 

«.Z1 1 /SA91P.00 

0 1  89  OXYGEN*  GAS 

32 

.  1*  C 

2, 037066*79.00 

9099  AIR 

10 

,60  M 

S.720«2b6b9-01 

AH 

3.29601990**03 

POJPFLLANT  DENSITY.  G/CC  1 .000000009-03 

THROAT 

EAMAUSTI  11 

ARIA  RATIO 

!  .oooooooo**oo 

«.6009*7I«9.0C' 

Optimum 

ISP*  SIC 

A. 71 J69| INp.Ol 

1 ,9602b* 389.02 

vacuum  isp#  src 

1 .660221S9P.02 

2 . 2b*>e2 1629.0? 

C • *  FT/SEC 

A. 3*/S0S60P.0J 

Vf LUC  ITT 

*  FT/SIC 

2.603SA2999.03 

6. 371270**9.0  1 

OrNSlTV. 

Gm/CC 

1 . 376OV76A9-0A 

1  .  31  3799709*0*', 

CMAMOt  1 

THRUAI 

t.XMAOSfl  1) 

PolSSUHC 

•  PSIA 

2,?600°000**0| 

1 .3193810*9*01 

1 .00000000».0i 

PRESSURE 

.  AIM 

1 .S37R  1J*2*.00 

8.97782*209-01 

6 .80*07 26  79*0/ 

TfmPEPATUHI  »  of  G  « 

?,96J| 306 19*0  3 

7,8b30|677p.03 

2. *06676229. 03 

Mr  a  T  CAP 

.»  CAL/OEG  «/r, 

3.26*l°9999-0l 

3.262387069-01 

3.2*7932369-0) 

£>  tmaLpt 

.  MCAL/6 

-S.IAlpVil JP-O! 

•6.2S3A8712P-01 

-9, 880636° 39- 01 

E*  TMOPV, 

CAL/OEG  K/G 

2.072863189.00 

2.07286  3189.00 

2.072863219.01) 

MolS  Of 

GAS  /  100  G 

2.62SS79069.00 

2, 786787*89.00 

2.622*32129*01) 

COMHUSTIOM  PRODUCTS 

CHAMBER 

TMMUAl 

E  AMAl'M  (  1) 

MULS/100  G 

MOL S/ 100  r. 

MULS/100  G 

c 

G 

1 .OOOOOOOOA-'O 

1,00000000**10 

1  .000000009-10 

Ci 

G 

7,SV70*7»6P-10 

2.9*b6J7*5P-|0 

1.000000009-10 

C" 

0 

r,763870S9*-Qt 

7.120123199.01 

•.261617*79-0) 

C°2 

g 

1 .26069A»b**00 

1 ,3220**709.00 

1 .6106907VM.DC 

c» 

G 

1 .000000009*10 

1  .000000009*10 

1 .00000000*-l(' 

C  >t? 

G 

1 .OOOOOOOOM-IO 

1.000000009*10 

1  .OOCOOOOO*-ln 

Cl 

r, 

1 , 00000000*' to 

1 .000000009*10 

l  .ooooooooM-ir 

cm? 

u 

1 .00000000**10 

1.000000009*10 

1  .OOOOOOOOM-10 

Cl 

r, 

1 ,00000000*-10 

I ,000000009*10 

1  .000000009-10 

Cs 

G 

l ,00000000**10 

1 .000000009-10 

1 .000000009-J,) 

U 

G 

7,S7lb«SS9»-06 

*•6*6 399 *19*06 

3.663220*69-07 

MO 

G 

3.79A6299AP-02 

3.21736*669-02 

1  .3S3010219-0? 

N"7 

<• 

? , 026 1222  JP"QS 

l.A0*A06*I*-0S 

7,189*18679-06 

No  J 

G 

S,*6970t»7S9*ll 

1 ,000000009*10 

l .000000009-IP 

N> 

G 

2,*7QJ3J*J*-0| 

?,6992*S 609*0 T 

2. 79?b«69|9-0) 

MOO 

r. 

A.>9l7oFS0*-0T 

S. *1*173069-07 

6,007622329-06 

N  ?  U  1 

G 

|,0000O000**10 

1.000000009*10 

l  ,000000009*11) 

MOO* 

G 

I ,00000000**10 

1 .000000009-11) 

1 .000U000O9-1O 

n 

G 

A , A 12009 J  79*0? 

7,1 16302S1P-02 

7.631*7  3709-07 

G 

3.9S8A  ?S68P*0| 

3,73! J39S1P-01 

2.809766*29-0) 

A  > 

G 

3,?96C|990»*01 

3.296019909*03 

! , 7V6U 1 99QM-0  3 

c 

S 

0,0000O000*»00 

0.000000009.00 

0. 000000n()*.0)' 

61 


U  T  C  1  8  t 8 
?•  *PR  1971 


UTC18152* 

page  t 


I  ''uRinlENTS 

Mf 

.PCT •  ELEMENTS 

UR  ATOMS 

n<.^8  cargo*  goroxioe 

GAS 

SB . 78  0 

3.313092339*00 

r,  149  OXTUFR.  GAS 

33. *9  C 

2.09M61  3?**00 

9*V9  AIR 

7.83  N 

A. 063660869-0] 

AH 

2,3Al«179|9-03 

PnUPELtAHT  0 1 *l S 1  T V #  G/CC  i  .000000009-03 

THROA l 

EXHAUST (  11 

A  ■*  t  A  »ATf  1 

1 .000000009*00 

3 •  1  A? 1 681 A9*00 

flPflMH”  (SP,  SIC 

8,6688196*9*01 

1 ,82AV70619*0? 

Vacuum  ISp,  sfc 

1 .68311*1 69*02 

2,1 1S6316?9*0? 

C.<  FT/Src 

A. 32893226**03 

vfcncirv.  ft/sec 

?.789009S19*03 

8.871660**9*0) 

Or  NS  1 T Y  »  r.M/c  r 

8.389008028-05 

1 .2637  3*809-08 

CHAMHf  < 

THROAT 

EXHAUSTt  1) 

P®LSS"WE»  PSia 

1 ,36UOOOOO**01 

7 ,9*7800819*00 

1.000000009*00 

PulSStWE#  A Tm 

f>  .  2^  «  2 1  h8aP“0j 

5  ,*0793*689-01 

6,80*872679-0? 

It APfHATUME >  oEG  A 

?,9?6APE?*P*0J 

?a8212S39S9*03 

2, A  702021 39*0  3 

Hr  AT  Cap,/.  CAI  /DEG  K/G 

3.2*0379029-01 

3,286729639-01 

3.2*8913379-01 

t-  IHALPY,  K C  At  /G 

•S.^AIS^SPEP-Ol 

-6. *066798*9-01 

-9.3692898*9-01 

f-  rRppY.  cal/oEg  k/G 

?, 0998761*9*00 

2 • 0996  76 1 *8*00 

2.0998761*9*00 

»nts  m  r,AS  /  100  G 

2.8)  3872* 1  P+00 

2 . 79*  3A0 1 99  *00 

2.666*32289*00 

C'.mhiiS  T  I  On  Pf»'ll>uCTS 

CmAmHEh 

THROAT 

EXHAUSTt  11 

MiILS/100  g 

HI'LS/IOO  g 

HULS/100  G 

C  G 

1 .000000009-10 

1 ,000000009-10 

1. 000000009-1 0 

C'  u 

8.06840*9*9-10 

1 ,959931819-1 0 

1.000000009-10 

Co  G 

R.A85306799-U1 

7 , 8  1 0  368089-0 1 

S. 461011*19-01 

C*2 

l .2629)0899*00 

1.317*2*679*00 

1.862360379*00 

d  G 

1,000000009-10 

1 .000000009-10 

1.000000009-11) 

C’N2  G 

1  .000000009-10 

1.000000009-10 

1 .OOOOOOOOR-lf 

C  A  G 

1 .000000009-10 

1.000000009-10 

1 .000000009-10 

cio?  G 

i ,eooo','00o9-io 

I. 000000009-10 

1 .000000009-10 

C  a  G 

1 ,0000rt000«*10 

1 .000000009*10 

1.000000009-1C 

CS  i 

1 ,0000''0009-10 

1,000000009*10 

1.000000009-10 

N  G 

A,A1 J?»232»-06 

A, 001299929-06 

6.039201809-07 

,  ..  s 

), 118898069-02 

2 , 688619779-02 

1.372181109-02 

N^V  G 

1  .3*1702*89-08 

9, *6031**79-06 

2.209210969-0* 

8-3  G 

1  ,00000000»-10 

l ,000000009-10 

1.000000009-10 

N-  <i 

|  ,6789)t0«9-0l 

1.890979229-01 

1.963206389-01 

*■  -» ;  g 

4  ,  A  1 36*1929-07 

2,901861089-07 

6.60038**39-08 

MitJ  ’i 

1 .0u00n000»*10 

1.000000009-10 

1.000000009-10 

N1,J#  G 

1  ,OOOOnOOO*“IO 

1,000000009-10 

1 .000000009-10 

0  r, 

9.798079198-02 

6. 380803989-0? 

*.262376029-02 

O'*  <> 

*,1626*6769*01 

3.938613629-01 

3.02960)689-0) 

Ar  r. 

2,  J*l*l79j9-0I 

2.3*16|79|9»0i 

2,3*1*17919-03 

C  S 

.G.'COOOOOOPAOO 

o.oooooooop*oo 

0.000000009*00 
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t»iGREnl£NTS 

«T 

.PCT,  ELEMENTS 

»M  ATOMS 

0*98  C  ARHI1N  MONOX  1 DE 

GAS 

18, A /  n 

2.3520444/8*00 

0)09  IIXYG1 N#  GAS 

10,8/  C 

6.593833148-01 

9999  AIR 

70,86  N 

3. 824050569*00 

AH 

2.203358719-0? 

PROPfllANT  OEMS  I T Y»  G/CC  1,000000009-03 

T  MRU A 1 

1XMA0S1C  |) 

APIA  RA f I !1 

1 .000000009*00 

/ .6290856/9*00 

UP  T  1  M'l:i 

ISP,  SIC 

/. 5.30066709*01 

1 .691842669*02 

valuum  isp,  src 

1.354187739*02 

1.8151406/9*02 

c.»  rr/src 

3.48908)819*03 

vrtociir 

,  n/sic 

2.422723669*03 

5, 943335229*03 

Or  ^SITV, 

C.M/CC 

5. 691090149*04 

3.4 36660978-Ot 

chamhe  ■* 

T6RUAT 

EAMAUSU  1) 

Potssunt 

,  P  S  |  A 

6,/ioooooo9*oi 

3.719818199*01 

1 ,000000009*00 

Pressure 

,  ATM 

A,565668?6**00 

2.531177328*00 

6.8045/2679-0;’ 

Ir  .iPfRATllRf  ,  1i.(i  * 

i ,8v?rs«t/p*03 

I .663595189*03 

•  .758066839*02 

HrAT  CAP 

•  •  cal /oeg  K/r, 

l.O9A2l*0?P-01 

3.002714569-01 

2.740999269-0) 

F‘THALPX 

,  -LA*  /o 

•1 .741894229-01 

-2.393232219-01 

-5,029871509-0) 

EmTRDPY, 

CAL/OLG  K/G 

1.931454909*00 

1.931454909*00 

1 ,931454 90 9*00 

mils  nr 

GAS  /  100  G 

3, 1 10328099*00 

3.110106629*00 

3.110081039*00 

c  1-husi m*  produces 

ChAHHI  p 

TMRtlAl 

IXHAUStt  1) 

MIJLS/100  G 

MIILS/*  00  G 

MUL  S/ 1 00  G 

c 

G 

I.OOOOOOOOP-IO 

1 ,000000009-10 

1  ,000000009-1 1 

C-I 

G 

l.OOOOOOOOR-lO 

1,000000009-10 

1 ,000000009-U 

C” 

‘i 

3.849729739-04 

5. 696498929-OS 

1 .000000009-10 

C«2- 

.  G 

«.SB999lR«P-0l 

6,593272609-01 

6,5938491  ) 9 -0  J 

v> 

1.00000000P-10 

1.000000008-10 

1 .000000009-1 r 

C>»2 

G 

1,000000009-10 

1.000000008-10 

1  .000000009-to 

CX 

r, 

1 ,000000009-10 

1 ,0  >0000009-10 

1 ,oooooooo9«  in 

C  ID? 

G 

1 ,00000000*-10 

1.000000009-10 

1 .000000009-10 

c, 

G 

l ,ooooooona-io 

1,000000009-10 

1 .000000008-1 f 

Cx 

G 

1,000000009-10 

1.000000009-10 

1 .000000009-10 

K 

G 

1 ,81 77677»«-lO 

1 .000000009-10 

1 ,000000009-10 

N- 

G 

1,446972079-02 

7.113226829-01 

3, 7)4349398-06 

hf)2 

'• 

5.35«3l9449-05 

.3,  !  0 1  7  94  099-05 

J. 4836533/9-07 

Nn  J 

G 

1 ,0/1 5*4459-10 

!  .000'.>00008-!0 

1 .000000009-10 

Ml 

G 

1 ,90A/A2?8**00 

1.908:52669*00 

1 ,912023318*00 

N8J 

G 

1, 392226829-06 

5.229723788-0/ 

5,981  384MJ9-1  ) 

N>UJ 

G 

1 ,oooooooop-io 

1.000000009-1 0 

1 .00000OO08-1C 

N-J4 

G 

1 ,000000009-10 

1,000000009-10 

l ,oooooooo*-ir 

0 

G 

1 ,639087779-04 

2,953812568-05 

1 ,000000008-lu 

o-> 

G 

5.094594809-01 

5,1 30636458-01 

5,166351649-01 

A') 

G 

? , 20  3 J567 ) 9-02 

2.203358218-02 

2,203358218-02 

c 

S 

0,0000*0009*00 

0,000000009*00 

0.000001)009*  Or 

T"l  TC*'8f  MATURE  MAS  RfCOMt  LESS  THAN  1UOO  010  k  ,  l«*r  (.  jWVf  ril  >»lNl«ll“ 
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Al'iTNDIX  II 


X-RAY  DIFFRACTION  DATA 


The  diffraction  patterns  for  the  original  ..articles  are  shown  on  pages  II- 1 
and  1 1 - 2 ;  the  diffraction  patterns  for  the  residues  from  combustion  of 
particles  at  various  pressures  (Pc)  and  temperatures  (Tc)  are  shown  on  pages 
1 1- 3  through  1 1- 23. 
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APPENDIX  III 


PREPARATION  METHODS  AND  COST  OF  BORON-METAL  COMPOUNDS 


According  to  Reference  II,  with  a  very  few  exceptions,  boron-metal  compounds 
are  prepared  only  by  high-temperature  reactions.  There  are  seven  general 
h, 1  methods: 

A.  Synthesis  from  the  elements  or  from  boron  and  a  metal 
or  a  hydride  of  the  metal 

B.  Reduction  of  the  metal  oxide  with  boron 

C.  Simultaneous  decomposition  of  a  volatile  boron  compounds 
and  of  a  volatile  compound  of  the  metal,  usually  on  a  hot 
filament  and  in  the  presence  of  hydrogen 

D.  Fused-salt  electrolysis  of  the  metal  oxide  with  a  source 
of  boric  oxide 

E.  Co-reduction  of  a  source  of  the  metal  oxide  and  of  boric 
oxide  with  carbon  at  high  temperature 

F.  Reduction  of  the  metal  oxide  with  carbon  in  the  presence 

of  boron  carbide  or  the  boride  of  another  metal,  e.g.  CaB^  ' 

F.  Thermit-type  reduction  of  a  metal  oxide  and  boric  oxide  by 
a  metal  such  as  aluminum  or  magnesium. 

The  first  three  methods  are  generally  used  only  on  a  laboratory  scale.  Fusion 
electrolysis  has  been  used  for  the  preparation  of  kilogram  quantities  of 
boride  powders.  Methods  E  and  F  are  of  commercial  significance,  as  is  method 
G  if  residual  aluminum,  magnesium,  or  their  oxides  can  be  tolerated  in  the 
product  or  can  be  removed  by  acid  leaching.  Whichever  method  is  used,  it  is 
important  to  maintain  an  inert  atmosphere  at  high  temperatures  because  metal 
borides  react  with  oxygen,  nitrogen,  caroon  monoxide,  or  carbon  dioxide  at 
most  of  the  temperatures  involved;  hydrogen  or  an  inert  gas  may  be  employed. 

As  can  be  seen,  the  preparation  doe3  not  involve  elaborate  processes  or  complex 
equipment,  and  the  compounds  can  be  produced  on  a  bulk  scale.  The  cost  in 
small  quantities  is  high,  but  would  be  reduced  on  a  mass  production  basis.  The 
price  of  boron-metal  compounds  is  more  or  less  tied  to  the  price  of  boron. 

The  vendor's  projected  or  ices*  for  some  of  the  promising  boron-metal  compounds, 
all  ;ts  -200  or  -325  mesh  particles,  are  as  follows: 


quotation  from  CERAC,  Inc,,  dated  June  8,  1971 
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Quantity 

MgB2 

MgBi2 

Li  132 

lbs 

$/lb 

$  /  lb 

$  /  lb 

5 

100 

100 

195 

10 

75 

85 

175 

50 

50 

60 

135 

100 

37 

45 

95 

1,000 

20 

25 

35 

It  should  be  noted  that  the  prices  of  these  compounds  in  large  quantities 
are  lower  than  that  of  elemental  boron. 


93 


REFERENCES 


1.  Classman,  L. ,  "Combustion  of  Metals,  Physical  Considerations."  Soli d 
Propellant  Rocket  Research,  New  York:  Academic  Press,  1960. 

2.  Macek,  A.,  and  J.  M.  Semple,  "Combustion  of  Boron  Particle  at  Atmos¬ 
pheric  Pressure."  AIAA  Preprint  69-562,  June  1969. 

3.  Talley,  Claude  P. ,  "Combustion  of  Elemental  Boron."  Aero/Space  Engr., 

18:37,  1959. 

4.  Hot  tel ,  H.  C. ,  and  I.  M.  Stewart,  Ind.  Engr.  Chem.  32:719,  1940. 

5.  Spalding,  D.  B.,  Fourth  Symposium  (International)  on  Combustion,  1952, 
p.  847. 

6.  Belyaev,  A.  F. ,  "Combustion,  Detonation  and  Explosion  Work  in  Condensed 
Systems."  Moscow:  Nanka  Publishers,  1968.  pp.  63-68. 

7.  Uda,  R.  T.,  "A  Shock  Tube  Study  of  the  Ignition  Limit  of  Boron  Particles," 

M.  S.  Thesis,  Air  Force  Institute  of  Technology  Report  GA/ME/68-2.  June 
1968. 

8.  Sims,  J.  R. ,  B.  Y.  S.  Lee,  and  J.  Gonzales,  "Solid  Boron  Propellants  for 
Air-Augmented  Propulsion,"  Naval  Weapons  Center  TP  4438.  April  1968. 

9.  Freeman,  E.  S.,  W.  Rudloff,  and  A.  J.  Becker,  "Feasibility  Study  to  Increase 
Activity  of  Oxides  with  Oxygen  and  to  Lower  the  Ignition  Temperature  of 
Slurry  Fuel  Metals,"  Technical  Report  AFAPL-TR-66-68.  Air  Force  Aero 
Propulsion  Laboratory,  August  1968. 

10.  Rosenberg,  S.  D. ,  R.  E.  Yates,  and  R.  C.  Adrian,  "Air-Augmented  Combus¬ 
tion  Studies,”  Technical  Report  AFRPL-TR-70-70  Air  Force  Rocket  Propulsion 
Laboratory,  September  1970. 

11.  Thompson,  R. ,  "Borides;  Their  Chemistry  and  Applications,"  Lecture 
Series  No.  5.  The  Royal  Institute  of  Chemistry,  London,  1965. 

12.  Kohn,  J.  A.,  "Crystallography  of  the  Aluminum  Borides,"  Proceedings  of 
the  Conference  on  Boron,  New  York,  1960. 

13.  Serebryanskii,  V.  T.,  and  V.  A,  Enel'baum,  "The  Phase  Diagram  of  the  Al-B 
System,"  Zh.Strukt,  Khim.  2:748-50,  1961. 

14.  Atoda,  T, ,  1,  Higashi,  and  M.  Xcbayasbi,  "Formation  and  Decomposition  or 

Aluminum  Borides."  Scientific  Paper  for  the  Inst.  Fhvs.  Chem.  Res. 
6l(3):92-9,  Tokyo,  1967.  ”*  ~  ~ 

15.  Donut  1  ski,  E.  S.,  and  G.  T.  Armstrong,  "Heata  of  Formation  of  Aluminum 
Diboride  and  a  Aluminum  Dodecaboride,"  J.  Res.  Nat.  Bur.  Standards, 

A  7  I (4) ; 107-  15,  1967. 


94 


16.  Duhart,  P. ,  "The  Borides  of  Magnesium  and  Aluminum."  Ann.  Chim.  7:339- 
65,  1962. 

17.  Germaidze,  M.  S.,  P.  V.  Gel'd,  and  S.  M.  LeFun,  "Heat  Capacity,  Enthalpy, 
Entropy,  and  Dissociation  Pressure  of  Magnesium  Dodecaboride. "  Zh.  Prikl 
Khim.  39(9) ; 1941-7 ,  1966. 

18.  Markovskii,  L.  Y a  and  Yu.  D.  Kondrashev,  "Composition  and  the  Properties 
of  the  Borides  of  Group  I  and  II  of  the  Periodic  System,"  Zhur.  Neorg. 
Khim.  2:34-41,  1957. 

19.  Casaletto,  G.  J.,  and  T.  N.  Scortia,  "Combustion  Study  of  Light  Mftal 
Based  Fuels,"  Technical  Report  AFRPL-TR- 67-308.  Air  Force  Rocket 
Propulsion  Laboratory,  December  1967. 

20.  Hsia,  H.  T-S.,  and  R.  Dunlap,  "A  Parametric  Study  of  Secondary  Combustion 
Astronautica  Acta  16:127-36,  1971. 

21.  Flanigan,  D.  A.,  R.  £.  Askins,  W.  H.  Rush,  and  J.  W.  Blanks,  "Chemical 
Techniques  for  Successful  Boron  Combustion  at  High  Mtitudes  Low  Speed 
Conditions,"  7th  JANNAF  Combustion  Meeting  Bulletin,  February  1971. 


95 


